The effects of 1 hour of mild and moderate reductions in coronary blood flow on myocardial high-energy phosphate levels were evaluated. Thirty anesthetized pigs were instrumented with left anterior descending arterial and venous catheters, crystals for instantaneous wall thickness, and a fluid-filled occluder. Measurement of myocardial blood flow was performed with microspheres, and a series of myocardial biopsies also was performed. In 10 pigs, overall coronary blood flow was lowered by 22%, with a fall in subendocardial-to-subepicardial flow ratio from 1.11 to 0.54 and in wall thickening from 33% to 15%. Subendocardial flow fell 48%. Coronary blood flow and thickening were constant during 1 hour of ischemia. Phosphocreatine (,umol/g wet wt) in the subendocardial third of the ischemic zone fell from 7.6 to 3.8 at 5 minutes of ischemia (p<0.005 versus control) and returned to normal (7.9) at 60 minutes (p=NS), despite ongoing ischemia. Subendocardial ATP (pumol/g wet wt) fell slowly from 4.3 and leveled off at 2.1 at 60 minutes of ischemia (p<0.001 versus control). Similar regeneration of phosphocreatine was found in seven additional pigs, with a 43% transmural reduction in coronary blood flow and a 66% reduction in subendocardial flow. No significant changes in ATP and phosphocreatine were noted in two different control groups (n = 13 pigs). The regeneration of phosphocreatine despite ongoing ischemia and low ATP levels was not related to changes in myocardial oxygen demand or consumption, or in regional function during the period of ischemia. This may reflect 1) a successful downregulation of the energy needs of the ischemic myocardium to maintain cell viability, or 2) a metabolic abnormality in the ability of the cells to produce ATP primarily or by use of phosphocreatine. (Circulation Research 1990;67:1481-1493 W hen a coronary artery is occluded, myocardial function in the region of the heart served by the vessel rapidly declines.' This is associated with a prompt fall in phosphocreatine (PCr) and a slower decline in ATP.2,3 Function and the levels of these two high-energy phosphates remain low during vessel occlusion. If flow is restored before the onset of permanent tissue damage, full recovery of function and ATP levels occurs but requires a considerable period of time (days to weeks).3-5
the setting of a chronic flow limitation due to coronary artery disease and is associated with reduced function in the hypoperfused region. When adequate flow is restored, function improves. This has been referred to as "hibernating" or "idling" myocardium.67 If myocardial cells can indeed survive prolonged reductions in flow, the hypoperfused myocardium must be able to adjust successfully to low-flow states and restore energy balance to maintain cell viability. How this is accomplished has not been established. The effects of a prolonged reduction, but not cessation, of flow on the regulation of metabolism and function to a region of the left ventricle are not fully understood. Our main objectives in this study were to measure the changes that occurred in the metabolism and function of a region of the left ventricle subjected to 1 hour of a mild or moderate constant reduction in flow and to establish the relation between changes in high-energy phosphate levels and regional function during constant ischemia. To accomplish this, we measured transmural function along with flow and myocardial high-energy phosphate levels in three layers in a region of the left ventricular (LV) free wall during a constant reduc-tion in flow for 60 minutes. Regional myocardial oxygen consumption (MVo2) was unchanging during ischemia, and two levels of coronary flow reduction were studied in two different groups of animals: mild (20-25% reduction) and moderate (40-50% reduction). In addition, we performed two sets of control studies to evaluate the experimental preparation.
Materials and Methods Preparation
Pigs weighing 30-65 kg were studied. The surgical preparation was similar to that previously reported8-10 and is summarized below. Premedication was with xylazine (2 mg/kg i.m.) and ketamine (10 mg/kg i.m.). The animals were anesthetized throughout the experiment with a-chloralose (100 mg/kg i.v. initially, then 50 mg/kg i.v. every 2 hours). They were ventilated with oxygen-enriched air by a piston respirator to maintain pH at 7.35-7.45, Paco2 at [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] mm Hg, and Pao, at 100-150 mm Hg. Rectal temperature was maintained at 98-100°F using a cooling/heating pad.
Aortic and inferior vena caval catheters were inserted from vessels in the groin. The heart was exposed through a median sternotomy and suspended in a pericardial cradle. Catheters were inserted into the LV apex (LV pressure and LV dP/dt) and left atrium (microsphere injections). The proximal left anterior descending (LAD) coronary artery had three items placed in or around it. An electromagnetic flow probe (2.0 or 2.5 mm) was placed proximally followed by an inflatable fluid-filled occluder around the vessel. A small Silastic catheter (0.6 mm o.d., 0.3 mm i.d.) was inserted into the mid-LAD by the Herd-Barger technique'1 for recording phasic and mean pressure distal to the occluder. The frequency response of the system has been reported. 8 Another Silastic catheter was inserted into the anterior cardiac vein as it coursed parallel to the LAD. It was placed well below the site of the LAD occluder so that venous blood returning only from the distal LAD vascular bed would be sam- pled.12'13 Simultaneous arterial and LAD coronary vein blood samples were drawn, and oxygen content was measured. MVo2 for the region served by the LAD beyond the occluder was the product of transmural LAD flow by microspheres and the arterial-coronary vein oxygen difference.
A pair of ultrasonic crystals (5 mHz) was placed in the region served by the LAD vascular bed. One crystal was sewn to the epicardial surface, and the second was inserted obliquely into the subendocardium. The crystals were used to measure diastolic and systolic wall thickness with the timing of end systole and end diastole as reported by others.14 Systolic wall thickening was the difference between systolic and diastolic thickness as a percent of diastolic thickness.
Pressures During the protocols, myocardial flow was measured with radionuclide spheres of 11 ±0.3-pm diameter labeled with 51Cr, 95Nb, 103Ru, and 14lCe.8-10 The spheres were injected into the left atrium over 30 seconds. A reference sample was withdrawn from the descending aorta over 2 minutes at a rate of 10 ml/min starting 5 seconds before the injection of the spheres. The spheres were suspended in 0.9% saline with 0.01% Tween 80 and were vigorously agitated before use. The number of spheres injected was calculated so that a 0.5-g sample of myocardium contained 800 spheres.
Transmural myocardial biopsies (3-mm diameter) were performed using a high-speed drill. 15 For later identification of the epicardium, a dilute solution of Evans blue dye was painted on the surface of the region to be biopsied. Tissue samples were injected into liquid nitrogen within 1 second. An assistant immediately inserted a plug into the-hole, and hemostasis was secured by a 4-0 silk suture using a superficial horizontal mattress stitch around the plug. The biopsy and insertion of the plug were accomplished within 1-2 seconds. Premature ventricular contractions occurred as a result of the biopsy but did not last more than 3-5 seconds. Hemodynamic variables returned to baseline within 30 seconds after the biopsy was obtained. Analysis of the biopsy samples is described below.
At the end of the experiments, the heart was removed and each coronary artery was cannulated. To determine the myocardium perfused by the LAD, a blue dye was injected into the LAD, and a red dye was injected into the right carotid artery (RCA) and circumflex coronary artery (Cx) at the same rate and pressure. The heart then was placed in formalin for 3-5 days. Myocardium from the LAD and non-LAD (Cx and RCA) regions was divided into three layers: a subendocardial, a midmyocardial, and a subepicardial layer. Approximately 5 g tissue from each layer was counted for 5 minutes using a Nuclear Data ND 600/660 multichannel analyzer (Nuclear Data Inc., Schaumburg, Ill.). Tissue adjacent to biopsy sites was excluded. Coronary flow was calculated for each layer and expressed in milliliters per minute per gram tissue.
The blue-stained epicardial surface of the frozen biopsy specimens was easily identified in all samples. This enabled division of the specimens into subendocardial, mid-wall, and subepicardial thirds of approximately equal weight while immersed in liquid nitrogen. Tissue extraction and biochemical analysis of each sample were performed using the-methods of Lowry and Passonneau.16 ATP content was measured by spectrofluorometry with glucose-6-phosphate dehydrogenase and hexokinase in an NADP to NADPH-linked reaction and expressed in micromoles per gram wet tissue weight (ltmol/g wet wt). PCr content was determined with ADP and creatine kinase, by measuring ATP formed. ADP content was determined by spectrofluorometry with lactate dehydrogenase and pyruvate kinase in an NAD to NADH-linked reaction. AMP content was determined using myokinase (adenylate kinase) and ATP, and then measuring ADP formed. The coefficient ofvariation for the chemical analyses is ±+2.4% for ATP and +±3.4% for PCr, based on 50 analyses of pooled samples.
Protocols for Ischemia Groups
These experiments were initiated 45 minutes after the preparation was completed and after an appropriate dose of anesthesia was given. The following variables were monitored during the entire protocol: heart rate, electrocardiogram, wall thickening, LAD flow (phasic and mean), distal LAD pressure (phasic and mean), and LV pressure and LV dP/dt. Initial (control) measurements also included 1) blood samples for oxygen content from an artery and the coronary vein, drawn just before an injection of microspheres into the left atrium to measure regional flow, and 2) a biopsy taken from the Cx region. This sequence was reversed in one half of the animals. When the hemodynamic variables returned to baseline and had been stable for 5 minutes, a 60-minute period of ischemia was initiated. Flow was decreased by inflating the occluder to reduce mean flow-probe flow by either 20-25% of control (mild ischemia group) or 40-50% of control (moderate ischemia group). During the experiment, the flow measured by flow probe was used to judge the level and constancy of flow to the ischemic region during the 60 minutes of ischemia. However, transmural flow by the microsphere method was the absolute arbiter that flow to the central ischemic region was reduced to the desired level and was maintained constant during the 60 minutes of ischemia. If the three transmural flow determinations by microspheres during the 60 minutes of ischemia varied by more than 15%, the results from that animal were not used in the data analysis. At 5-15 minutes, 25-35 minutes, and 50-60 minutes of ischemia, blood samples for oxygen content were drawn, microspheres were given, and a biopsy was taken from the ischemic LAD region. At 60 minutes of ischemia, the occluder was released and flow was unimpeded for the next 30 minutes. Hemodynamic variables were recorded during this time.
After the 30-minute period of reperfusion, the animals were killed, and the hearts were removed. A different colored dye was injected into each coronary artery at the same rate and pressure to identify the region perfused by each vessel. This enabled us to be certain that the first biopsy was taken from the Cx (nonischemic) region and that the three biopsies taken during ischemia and the crystals were all located well within the LAD (ischemic) region (at least 1 cm from the border zone). The alignment, depth, and orientation of the crystals also were confirmed.
Nonischemic Group Protocol
Three pigs underwent the same surgical preparation and protocol described above except that flow was never reduced. These animals were included to establish that MVo2, function, and metabolite levels were constant during the course of the protocol when flow was not decreased and thus ischemia was not induced.
Preinstrumentation and Postinstrmentation Control Group
To assess the effects of instrumentation of the LAD, 10 additional pigs were studied. Preinstrumentation transmural myocardial biopsies were obtained from the distal LAD and Cx vascular beds. The proximal LAD artery then was dissected and instrumented with the electromagnetic flow probe, the fluid-filled occluder, and the Silastic rubber catheter to measure distal LAD pressure, as described previously. Forty-five minutes after instrumentation, aortic and distal LAD pressure and flow again were recorded. Transmural biopsies were repeated in the LAD and Cx vascular beds.
Postinstrumentation biopsy sites were chosen proximal to and at least 10 mm away from the preinstrumentation sites. This was done to minimize the influences of the first biopsy on the blood flow to the site of the second biopsy in both vascular beds. The time between preinstrumentation and postinstrumentation biopsies was 2-21/2 hours, and the time between the LAD and Cx biopsies was approximately 5 minutes.
The specimens later were divided into the layers described for the samples in the other experiments and were assayed in the same way.
Statistical Analyses
Results are given as mean±+SD. Estimates were made for any missing values, and corrections were made for bias due to this.17 Variables were tested by one-way analysis of variance with repeated measures. Range testing was done with Tukey's test using the corrected statistics.17 Results A total of 35 pigs was studied. Five were excluded: two because microsphere flows during ischemia varied beyond established limits, one because of equipment failure, and two because the animals developed ventricular fibrillation after a biopsy during the early phase of ischemia. Thus, adequate data were collected in 30 pigs: 17 in the ischemia groups (by design, 10 mild, seven moderate), three in the nonischemic group, and 10 in the preinstrumentation and postinstrumentation control group.
Mild Ischemia Group
Hemodynamic variables. Table 1 presents hemodynamic and oxygen data for the mild ischemia group. By design, LAD mean flow was reduced during ischemia. This decrease averaged 22% for the group. Subendocardial flow was reduced by 48% and midwall flow by 28%, whereas subepicardial flow did not change significantly. The reduced flow led to a significant increase in oxygen extraction, whereas MVo2 did not change significantly. Percent wall thickening decreased by 55% from the control value (p<0.001). Of great importance is that all the values remained constant during the 60 minutes of ischemia.
Compared with control values, LV systolic pressure decreased slightly, heart rate increased, and double product increased moderately during the period of ischemia. These changes were statistically significant, but relatively small.
Metabolites Figure 1 and Table 2 show the PCr contents by layer. The subendocardial layer showed the greatest decrease at 5 minutes of ischemia (p<0.005), but by 60 minutes of ischemia the PCr content in each layer had returned to the control value. Regeneration of PCr occurred despite persistent depression of ATP content and the constant reduction in flow. It was independent of the severity of the flow reduction because PCr regeneration occurred in each of the three layers.
ADP and AMP were appropriately low during the control period. The only statistically significant change in ADP or AMP during ischemia was an increase in subendocardial ADP at 5 minutes of ischemia.
Moderate Ischemia Group
Seven animals were studied during a more severe reduction in transmural flow to determine if PCr regeneration still would occur. Complete data were collected at control and at 5 and 30 minutes of ischemia. Two animals developed ventricular fibrillation just after the 30-minute biopsy was obtained. Data at 60 minutes are from the five remaining animals.
Hemodynamic variables. Figure 2 shows the content of ATP and PCr in each of the three layers, and Table 2 provides an estimate of variability. Once again, a transmural gradient of ATP was present during ischemia, with lowest levels in the subendocardium. The pattern is very similar to the mild ischemia group except that ATP content is more severely reduced in each region, reflecting the greater severity of flow reduction. No significant changes occurred in the ATP values during the 60 minutes of ischemia.
Despite the more substantial reduction in flow, PCr content still increased during the 60 minutes of flow reduction after reaching a low value at 5 minutes of ischemia. The transmural value during control was 7.93 + 1.01 gmol/g wet wt. At 5 minutes of ischemia, it fell to 3.79±1.63 (p<0.001 versus control) but at 30 minutes had increased to 6.63±2.13 and reached a value above control at 8.22±1.23 at 60 minutes of ischemia. Figure 2 and Table 2 give the PCr content by layer. The values are significantly reduced from control at 5 minutes for all three layers and at 30 minutes for the subendocardial region. By 60 minutes, the PCr content had returned to baseline in all regions. The ability of the myocardium to regenerate PCr was not affected by the severity of ischemia over the range we tested (up to a 66% flow reduction).
The control ADP and AMP contents in the moderate ischemia group were higher than those in the mild ischemia and nonischemic groups ( Table 2) . These animals entered the study in a physiological state similar to the other groups. The difference may just reflect variability related to the small number of animals in each group. As in the mild ischemia group, ADP and AMP rose slightly at 5 minutes and then returned to baseline during continued ischemia.
Nonischemic Group
The hemodynamic (Table 4 ) and metabolic data (Table 2; Figure 3 ) from the three animals in this group are given. These variables were stable over the 60 minutes that the experiments were performed. Thus, changes noted in the metabolite levels of the ischemic group were not due to deterioration of the preparation over time or effects of the biopsies. These results attest to the stability of the preparation and our ability to minimize the effects of the multiple biopsies. The ATP and PCr contents in the three layers of the LV wall before and after instrumentation are shown in Figures 4 and 5 . When the values in the different layers were assessed after instrumentation, ATP in the LAD region showed a significant decrease only in the middle layer ( Figure 4A ). The LAD PCr contents did not change significantly (Figure 5A) . No changes occurred in the ATP and PCr contents in the Cx region after instrumentation of the LAD ( Figures 4B and SB) . Thus, minimal changes in ATP and PCr contents occurred as a result of the instrumentation of the LAD. These results also attest to the stability of the preparation and our ability to minimize the effects of multiple biopsies. In addition, the results establish the stability of the high-energy phosphate contents in the preparation.
Discussion
These experiments show the following. 1) Graded reductions in flow across the LV wall from epicardium to endocardium are associated with graded reductions in ATP and PCr contents at 5 minutes of ischemia. Thus, metabolic vulnerability of the myocardium exists during ischemia and is most pronounced in the subendocardial region. 2) ATP contents fall significantly during ischemia with the extent of the decrease related to the severity of ischemia. ATP remains steady between 5 and 60 minutes of constant ischemia. 3) After reaching a low level at 5 minutes of ischemia, PCr content, in contrast, increases significantly by 30 minutes of constant ischemia and reaches control levels by 60 minutes of ischemia. Regeneration of PCr occurs in all layers of the myocardium, even in regions with up to a 66% reduction in flow. 4) The regeneration of PCr was not due to changes in variables that might lead to an amelioration of ischemia. During the 60 minutes that transmural flow was reduced, the regional flows, the rate-pressure product, MVo2, and wall thickening all remained constant.
High-Energy Phosphate Levels During Reduced Flow
Previous studies of high-energy phosphate contents during mild to moderate ischemia are few, and the results have not been uniform. Prinzen et al'8 reported ATP and PCr contents during the initial 5 minutes of a flow reduction in dogs. In the subendocardial region, a 68% decrease in flow was associated with a 46% fall in PCr at 1 minute, with a further decline at 5 minutes. However, ATP content did not change significantly. Their results for PCr agree with our data at 5 minutes of ischemia, whereas in contrast, we noted a significant decrease in ATP at 5 minutes of a comparable degree of ischemia.
The stability in ATP at a reduced level during 60 minutes of constant low flow that we noted agrees with the results of Neill et al. 19 They showed stability of ATP at a reduced level between 30 minutes and 5 hours at mild and moderate decreases of flow in dogs. PCr was not measured in that study.
Liedtke et a120 measured transmural ATP and PCr levels at 60 minutes after a 50% reduction in transmural flow in an in situ working pig heart. They noted no decrease in PCr level, as we did at 60 minutes. Table 2 for numerical levels. 
Study Limitations
Regional myocardial oxygen determinations are based on oxygen contents measured from a coronary vein that drains the LAD region. Previous work in dogs has established that this site has little or no admixture of venous blood from adjacent vascular beds during reduced flow.12,13 The lack of significant collateral flow in pigs compared with dogs10'44should further enhance the accuracy of measuring oxygen consumption in the ischemic LAD vascular bed.
The fall in blood pressure with the prolonged reduction in flow and multiple biopsies was offset by an increase in heart rate so that the double product was relatively unchanged. An assumption made in stating that the double product is unchanged is that a decrease in one component and a comparable increase in the other component are equivalent determinants of myocardial oxygen needs. The lack of a significant change in the measured MVo2 during ischemia supports this assumption.
The three "sham" experiments without ischemia demonstrated that the concentrations of ATP and PCr were relatively stable during the course of the experiment, as assessed by multiple biopsies, when no ischemia was induced. Furthermore, no changes in LV wall thickening or other indexes of cardiac performance were noted. Thus, the changes seen during mild and moderate ischemia are unrelated to time, spontaneous variability, or the multiple biopsies performed.
The studies of myocardial high-energy phosphate contents before and after instrumentation similarly demonstrate changes that are much smaller than those seen in our protocols. Our control findings are similar to those previously reported in pigs. 45 Others also have found a small gradient of highenergy phosphate levels across the LV wall. 46 
Study Implications
The essential need for control data in studies of interventions designed to ameliorate ischemia is emphasized by our results. Without it, any intervention applied during ischemia could have been interpreted as beneficial, judging by the increase in PCr. The spontaneous increase in PCr adds uncertainty in defining what constitutes an improvement or beneficial effect of interventions during ongoing ischemia that is short of total cessation of coronary flow. The definition of a steady state during ischemia with stable reductions in coronary flow becomes problematic.
It has been reported that a close relation exists between a decrease in the PCr/ATP ratio and reductions in myocardial blood flow during brief periods of ischemia. 51 Our results indicate limitations in using this ratio. The PCr/ATP ratio in our study increased dramatically over time despite a constant level of reduced flow. The dynamic nature of the ratio during ischemia requires caution in interpretation of this ratio as an estimate of the flow to ischemic myocardium.
This study demonstrates that present understanding of myocardial energy metabolism is incomplete. The widely held view of PCr as an energy sink for the contractile apparatus clearly is oversimplified.
Conclusions
Myocardial PCr content is dynamic during a constant level of prolonged mild to moderate ischemia. PCr decreases during the initial minutes of ischemia but is then regenerated until it returns to control levels despite reductions in ATP to less than 50% of control. The PCr regeneration was not related to decreases in myocardial oxygen demand or consumption, or changes in regional function during the 60 minutes of ischemia.
